The remarkable dynamic range of vision is facilitated by adaptation of retinal sensitivity to ambient lighting conditions. An important mechanism of sensitivity adaptation is control of the spatial and temporal window over which light is integrated. The retina accomplishes this by switching between parallel synaptic pathways with differing kinetics and degrees of synaptic convergence. However, the relative shifts in spatial and temporal integration are not well understood -particularly in the context of the antagonistic spatial surround. Here, we resolve these issues by characterizing the adaptation-induced changes to spatiotemporal integration in the linear receptive field center and surround of mouse retinal ganglion cells. While most ganglion cells lose their antagonistic spatial surround under scotopic conditions, a strong surround is maintained in a subset. We then applied a novel technique that allowed us to analyze the receptive field as a triphasic temporal filter in the center and a biphasic filter in the surround. The temporal tuning of the surround was relatively maintained across adaptation conditions compared to the center, which greatly increased its temporal integration. Though all phases of the center's triphasic temporal response slowed, some shifted significantly less. Additionally, adaptation differentially shifted ON and OFF pathway temporal tuning, reducing their asymmetry under scotopic conditions. Finally, spatial integration was significantly increased by dark adaptation in some cells while it decreased it in others. These findings provide novel insight into how adaptation adjusts visual information processing by altering fundamental properties of ganglion cell receptive fields, such as center-surround antagonism and space-time integration.
Introduction
With a photoreceptor population composed of 97% rods (Jeon, Strettoi, & Masland, 1998) , mice have particularly well-developed dim light (scotopic) vision. In addition, their bright light (photopic) vision is comparable to primates by many measures, including light sensitivity (Naarendorp et al., 2010) and temporal tuning (Wang, Weick, & Demb, 2011) . In combination with the conserved structure of their rod and cone pathways relative to other mammals, these factors make mice a useful model for studying mechanisms of light adaptation, including pupillary reflexes (Pennesi, Lyubarsky, & Pugh, 1998) , the relative sensitivity of rod/cone pathways (Abd-El- Barr et al., 2009) , and various synaptic nonlinearities involved in rod pathways (Chang & He, 2014; Field & Rieke, 2002; Jarsky et al., 2011) .
Across light adaptation states, retinal neurons maintain a dynamic balance between sensitivity and spatiotemporal acuity. In dark conditions, for example, their light sensitivity is increased in part by expanding the spatial collecting area and lengthening the temporal collecting window (Barlow, Fitzhugh, & Kuffler, 1957; Enroth-Cugell & Shapley, 1973; Pandarinath, Victor, & Nirenberg, 2010; Pandarinath et al., 2010) . Broadening spatiotemporal integration in this fashion increases both the number of photons detected and the uncertainty about where and when they occurred. Retinal neurons therefore gain light sensitivity by sacrificing spatiotemporal acuity. Here, we utilize mice to characterize the alterations in spatiotemporal integration induced by light adaptation at the level of the retinal output neurons, ganglion cells (RGC) .
Previous studies of dark adaptation in mouse RGCs observed significant or complete loss of the antagonistic surround (Barlow et al., 1957; Tikidji-Hamburyan et al., 2015) and broadening in
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Vision Research j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / v i s r e s both temporal (Pandarinath, Bomash, et al., 2010; Pandarinath et al., 2010; Wang et al., 2011) and spatial integration (Dedek et al., 2008) . However, because the antagonistic surround has proven difficult to detect even under photopic conditions (Cang et al., 2005; Della Santina, Inman, Lupien, Horner, & Wong, 2013) , the possibility exists that it may have been missed in a subset of cells. In addition, changes in spatial and temporal filtering have typically been studied separately from each other and characterized by one or two filters. This approach, though simplifying, has several risks, including the misattribution of shifts in spatial tuning to temporal sources and vice versa.
In this report we use a new technique to study receptive field subcomponents with distinct spatiotemporal filtering. This allows us to isolate and compare light adaptation's effect on the antagonistic spatial surround and the receptive field center. In addition, we explore how adaptation impacts the ON and OFF retinal pathways. These features -center-surround antagonism, parallel rod and cone pathways, and parallel ON and OFF pathways -are critical for visual function from the retina to visual cortex. By applying our unique space-time model to study large populations of RGCs under both lighting conditions, we gain new insights into how their interactions shape visual processing.
Methods

Ethical approval
Mice were cared for and handled following approved protocols from the Animal Care and Use Committee of Baylor College of Medicine and in compliance with the National Institutes of Health guidelines for the care and use of experimental animals. All mice were euthanized by cervical dislocation after anesthetizing with isoflurane.
Multielectrode recording
C57BL/6J mice were kept on a regular light/dark cycle and experiments were performed diurnally at 3 to 4 months of age. Mice were dark adapted for at least 90 min prior to euthanasia. Eyes were removed under infrared illumination using night vision (Nitemare, BE Meyers, Oregon) and retinas were dissected in a dish containing carboxygenated recording solution. Retinas were placed RGC side up onto cellulose filter paper (0.45 lm HA, Millipore) and transferred onto an electrode array. The preparation was retained with a plastic ring.
The retina was kept at 35.6°C and perfused at 2 mL/min with pre-warmed and carboxygenated (95% O 2 , 5% CO 2 ) recording medium (in mM: NaCl, 124; KCl, 2.5; CaCl 2 , 2; MgCl 2 , 2; NaH 2 PO 4 , 1.25; NaHCO 3 , 26; and glucose, 22) at pH 7.35 (Tian and Copenhagen, 2003) . The multielectrode array (MEA-60, Multichannel Systems, Tübingen Germany) had 60 electrodes spaced 100 lm apart, each with a diameter of 10 lm. RGC action potentials were recorded at 20 kHz and pre-filtered with a 0.1 Hz high-pass hardware filter.
Light calibration
Similar to our previous report (Cowan, Sabharwal, & Wu, 2016) and those of others (Pandarinath et al., 2010) , the ambient light level during an experiment was measured as wavelength specific irradiance (E(k), in microwatts cm À2 ) in the plane of the preparation (Thor Labs, S170C and Edmund Optics, SpectraRad). Photon flux in photoisomerizations/photoreceptor/second (U) was calculated as shown in Eq. (1).
where a c (k max ) is the effective collecting area of a photoreceptor at its peak wavelength (0.34 lm 2 for cones and 0.67 lm 2 for rods) (Lyubarsky, Daniele, & Pugh, 2004; Pandarinath, Bomash et al., 2010; Pandarinath et al., 2010) , N p (k) is the photon flux per second, and sðkÞ is wavelength-dependent transmissivity of the neural retinal (Alpern, Fulton, & Baker, 1987) . Finally, S r ðkÞ is sensitivity relative to the peak intensity which encompasses the wavelength dependence of both quantum efficiency and molar absorbance coefficients. The ambient photopic light level stimulated rods at 757.9 R*/sec, M-cones at 384.6 R*/sec, and S-cones at 8.0 R*/sec. Neutral density filters were used to create three log unit attenuation, creating an ambient scotopic light level that stimulated rods at 0.8 R*/ sec, M-cones at 0.4 R*/sec, and S-cones at 0.008 R*/sec.
White noise receptive field measurements
Receptive fields were mapped using random binary white noise checkerboards presented at 15 Hz from an optically reduced image from a computer monitor (Dell, SXGA-JF311-5100) for up to 1.5 h. Each square in the checkerboard was either black or white and 50 lm on a side. The stimulus was created and presented with PsychToolbox (Brainard, 1997; Pelli, 1997) .
Spatial pooling and temporal characterization
The receptive field was first fit by combining a single twodimensional Gaussian with a biphasic temporal filter. This spatiotemporal fit of the receptive field was used to divide the spatial inputs into nine annular regions, each spanning one standard deviation of radial distance. Temporal STAs within these annuli were summed and divided by the square root of the number of inputs to normalizes their noise levels. These were used to generate the space-time maps shown in Fig. 2 . For surround characterization the annular STAs were summed.
The Sum of Separable Subfilters (SoSS) model
The SoSS model is described in our previous report (Cowan et al., 2016) , but in brief it models the receptive field as the sum of up to five subfilters. We determined the number of subfilters necessary by first performing a model fit independently for each temporal trace across space for all cells. All subfilters fell into one of five clusters based on their polarity and temporal properties. The SoSS model characterizes each cell by combining these five subfilters, each with a unique spatial filter. An example of a 2 subfilter model is shown in Fig. 1B . Each subfilter, w i (x,y,t) is the product of a low-pass filter impulse response, f i (t), and a two-dimensional spatial Gaussian, g i (x,y):
The s and n in Eq. (2) represent the time constant and filter order. Both interact to shape the temporal profile. All subfilters for a cell had the same spatial center and rotation, and their polarities were constrained based on the peak amplitude of the STA. We performed a weighted least squares regression on the annularaveraged data, where the weights were the square root of the number of spatial inputs in each annulus.
Statistical tests
For model comparison we used an F-test to compare a constrained and unconstrained model. Unless otherwise stated population comparisons were Student's t-test, otherwise we used a Wilcoxon signed-rank test or Mann-Whitney U test. In all cases Bonferroni correction was applied to adjust for multiple comparisons.
Results
To study the effect of light adaptation on mouse RGC receptive fields we recorded from explanted retinas on a multielectrode array while presenting stimuli under dim (scotopic) and bright (photopic) light conditions (0.8 and 757.9 R*/rod/s, respectively). Our stimuli were binary white-noise checkerboards and we computed spike-triggered averages (STAs) to estimate linear receptive fields in both light conditions (Fig. 1A) .
STAs persist under scotopic conditions in the majority of RGCs
STAs were estimated in a total of 628 RGCs recorded from 11 retinas. To facilitate comparisons of the RGCs' spatiotemporal tuning between lighting conditions, the 3D data from each STA (in (x,y, t) space, Fig. 1B ) had its spatial dimensions collapsed into a single radial dimension ((r,t) space). This was accomplished by fitting a spatial Gaussian to the photopic data's receptive field center and using it to define a set of annuli with 1-r widths, as demonstrated for cell 1 in Fig. 2A . The spatial inputs within each annulus were combined under both lighting conditions to generate two sets of temporal filters at different radial distances (Fig. 2B , see methods) for each cell. This data is visualized by projecting it into a colormapped image, illustrated for cell 1 in Fig. 2C .
We detected linear receptive fields under both scotopic (rod-dominated) and photopic (cone-dominated) conditions. In 59% of RGCs there was strong signal in the STA under both lighting conditions (Fig. 2D , cells 1-3). On the other hand, in 38% of RGCs there was strong signal in the STA only under photopic conditions (cells 4-5) and in 2.6% of RGCs there was strong signal in the STA only under scotopic conditions (cells 6-7). These results indicate that the vast majority of spiking RGCs we recorded were responsive to our stimulus (Fig. 2E) . Furthermore, many cells were responsive under photopic and scotopic conditions allowing comparison of their linear receptive field properties across light levels.
The linear antagonistic surround is maintained in a subset of RGCs under scotopic conditions
There has been controversy over the presence of the antagonistic surround under scotopic conditions (Barlow et al., 1957; TikidjiHamburyan et al., 2015) . To determine if the antagonistic surround is present under scotopic conditions and its prevalence we compare the strength of the linear antagonistic surround in both lighting conditions. While most cells we recorded lost their antagonistic surround under scotopic conditions (Fig. 3A , cell 8), a strong antagonistic surround persisted in a subset of cells (cell 9). The strength of each cell's antagonistic surround was quantified by its surround polarity index (SPI). The SPI was calculated by comparing the STA signal in the outer portion (>3-r and 69-r) relative to the signal in the central portion (63-r) . If the SPI is large it indicates the surround is strong, if it is negative it indicates the surround is antagonistic. An SPI P 0 therefore indicates the absence of an antagonistic surround. Fig. 3B shows that mean SPI shifted significantly between photopic (blue line) and scotopic conditions (red line). While the majority of cells had an antagonistic surround in bright light (only 10.7% of cells had an SPI P 0), it was markedly reduced under scotopic conditions (42.2% of cells had an SPI P 0, versus 50% at chance). However, in a subset of cells the scotopic antagonistic surround was quite strong (11.9% SPI < À1). Furthermore, there was a significant correlation between SPI under photopic and scotopic conditions but this was weak (Spearman correlation, r = 0.15, p = 0.001). We conclude that the linear surround is present in a subset of mouse RGCs under scotopic conditions and related synaptic circuitry may drive it across lighting conditions. Mapping RGC receptive fields in photopic and scotopic conditions. A. Depiction of the (x,y,t) to (r,t) transform applied to study the STA. top: The spatial STA at a single point in time is shown for an example cell. Colored outlines indicate boundary regions with 1r-spaced distances from a Gaussian fit of the receptive field center in photopic conditions. bottom: The spatial inputs within boundaries are colored to indicate how they will be combined (see methods). B. Traces are the combined temporal STAs for each colored region and each is colored to correspond with its spatial region in A. The same regions were applied to both the photopic (top) and scotopic (bottom) data. C. The same data is re-plotted as a heat map, with red regions indicating an ON preference and blue an OFF preference. D. Additional example RGCs exhibiting different photopic and scotopic sensitivity. Cell 2 and 3 have an STA with significant signal in both photopic and scotopic conditions. On the other hand, ON cell 4 and OFF cell 5 have signal in their photopic but not scotopic STAs. Cells 6 and 7 had signal in their STAs only under scotopic conditions. E. The observation frequency of cells with different combinations of photopic and scotopic linear filters in our sample (n = 628) (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
The same RGC space-time subfilters exist under both photopic and scotopic conditions
To study how spatial and temporal integration are altered by light adaptation in the receptive field center and surround we used the Sum of Separable Subfilters (SoSS) model. This model represents the center as a triphasic temporal filter and the surround as biphasic (Cowan et al., 2016) .
This process is illustrated in Fig. 4A with two sample subfilters. Each subfilter is the product of a Gaussian spatial filter and the impulse response of a low-pass temporal filter (see methods). The set of subfilters used to model each cell's response was determined statistically using model selection techniques. STAs from photopic and scotopic conditions were fit independently, and in both conditions we found that up to five subfilters were necessary to describe each cell's receptive field. As shown previously under photopic conditions, these subfilters cluster into five groups with distinct polarities and spatiotemporal properties (Fig. 4C, top  row) . Based on their properties subfilters 1 to 5 will be referred to as the fast center (pink), fast antagonistic center (green), slow antagonistic center (orange), fast antagonistic surround (grey), and the slow surround (purple). Under scotopic conditions we are still able to detect all five subfilters (Fig 4C, bottom row) .
The prevalence of each subfilter was compared under different lighting conditions in Fig. 4B and we saw that the antagonistic subfilters (fast antag center, slow antag center, fast antag surround) were observed less frequently in scotopic conditions. The largest reduction was in the fast antagonistic surround subfilter, which changed from 45.7% in photopic conditions to 11.7% in scotopic conditions. This is consistent with the significant reduction in antagonistic surround shown with raw data in Fig. 3 . Subfilter properties changed across lighting conditions but their relative positions were stable, suggesting their comparison is justified because the underlying mechanisms behind them are not grossly altered.
Subfilters are differentially slowed in scotopic conditions
Adaptation-induced circuit changes altered the temporal properties of each subfilter. The top row of Fig. 5 shows that the average normalized impulse response of each subfilter under scotopic conditions (red) was leftward shifted and wider compared to photopic conditions (blue), meaning they integrate stimuli over a longer period of time. The frequency content of these filters shows the slowing is driven by a reduction in relative amplitude (Fig. 5 , middle row) and an increase in phase delay (Fig. 5, bottom row) at high frequencies. Although scotopic frequency tuning as measured by 3 dB corner frequency was slowed across all subfilters (t-test, p < 0.01, not shown), the degree of reduction varied. For instance, the shift in corner frequency was significantly larger (p < 1E-5) in the fast center subfilter (5.6 to 3.4 Hz) than the slow antagonistic center subfilter (1.1 to 0.8 Hz).
Within each subfilter, the degree of alteration between photopic and scotopic conditions was similar between amplitude and phase (Fig. 5, middle and bottom) . For example, the amplitude and phase shift for the fast center subfilter were both large, whereas those for the fast antagonistic surround subfilter were both small. The shaded area around each trace represents three standard errors to demonstrate significance of adaptationinduced shifts for each subfilter. The two subfilters showing smaller shifts, the slow antagonistic center and fast antagonistic surround, are likely driven by circuits that are relatively adaptation invariant, whereas the other three components are driven by circuits showing modulation across adaptation conditions.
Many spatial receptive fields change size in scotopic conditions
Our population included both cells which decreased (Fig. 6A , cell 12) and cells which increased their receptive field size (Fig. 6B,  cell 13 ) under scotopic conditions. Comparison of scotopicphotopic receptive field center size shift (Fig. 6C ) reveals approximately equal numbers of cells above or below the unity line, indicating changes were frequent but balanced between expansion and contraction. Fig. 6D shows that the average shift in spatial tuning for all components, the center and surround along with the fast and delayed components, exhibited a relatively high degree of variance (shaded regions show standard deviation) with a similar mean profile (blue and red lines).
Differences in ON and OFF RGCs are maintained in scotopic conditions
We divided our population of RGCs into ON-and OFFdominated groups based on their peak STA polarity. Our sample contained 127 (83) cells that maintained their ON (OFF) polarity Fig. 3 . The antagonistic surround is decreased in scotopic conditions, but still present among a subset of cells. A. Two example cells, one losing (cell 8) the other maintaining (cell 9) its antagonistic surrounds in scotopic conditions. Within each image, the ON/OFF polarity (red/blue) is indicated for the fast center (upper ellipse) and surround (lower ellipse). B. The surround polarity index (SPI) quantifies the strength and polarity of the surround for each cell. The histograms on the outside show the distribution of SPI for scotopic (y-axis) and photopic (x-axis) conditions. The mode is 0 (red line) in scotopic and À0.4 (blue line) in photopic conditions. The SPI can be compared on a cell-by-cell basis in the scatter plot. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) between scotopic and photopic conditions and were adequately fit by our model.
Under photopic conditions, only the slow surround subfilter (Fig. 7A , Slow Surround) was observed at a significantly higher rate in OFF cells. All other subfilters had similar frequency across cell types. Under scotopic conditions, the slow surround was also observed at a higher rate for OFF cells. In contrast, the antagonistic subfilters in the center (Fast and Slow Antagonistic Center) were observed at a significantly lower rate in OFF cells (v 2 , p < 0.01). Fig. 7B shows the percent reduction in the observation rate of each subfilter in scotopic relative to photopic conditions derived from Fig. 7A . The decrease in antagonistic surround (fast antag surround) observation rate was similar for both cell classes, however OFF cells experienced a larger decrease in their center antagonistic components (v 2 , p < 0.05). These results suggest that light adaptation affects the surround inputs similarly in ON and OFF cells, but the antagonistic center is more strongly affected in OFF cells.
Since virtually all ON and OFF cells had the bipolar cell-driven fast center subfilter with the same polarity in both lighting conditions, we compared its strength (area under its temporal STA) across conditions between ON and OFF subtypes. Fig. 7C shows that filter strength decreased for both ON and OFF RGCs, but the decrease was larger for ON RGCs (p < 2E-4). This suggests that adaptation-induced alteration is stronger for ON bipolar cell outputs.
The temporal tuning of the ON and OFF classes, as indicated by the 3 dB corner frequency, are compared in Fig. 7D . In photopic conditions, the OFF cells had a faster slow antagonistic center subfilter whereas the other subfilters were all faster in ON cells Fig. 4 . Subfilters obtained by the Sum of Separable Subfilters (SoSS) model can be tracked across lighting conditions. A. Illustration of a simplified SoSS model with only two subfilters, a fast and narrow-field ON response (pink) and a slow and wide-field OFF (orange). The spatial function for each subfilter is shown by the traces to the left of the heat map, and the temporal function is shown at the bottom. The overall filter (heat map) is generated by summing the products of the individual subfilters' spatial and temporal functions. On the right, this summation process is illustrated for temporal STAs of each subfilter at different spatial locations. B. The observation rates of the five types of subfilters observed. There is a significant decrease ( ** v 2 , p < 5E-4) in detection of the fast and slow antagonistic center and fast antagonistic surround subfilters in scotopic conditions. C. Properties of subfilters with center polarity. Top row: Under photopic conditions two types of center-polarity subfilter were observed, the fast center subfilter (pink) and the slow surround subfilter (grey). Bottom row: Under scotopic conditions the two clusters persist with maintained relative positioning. D. Subfilters with antagonistic polarity Top row: Under photopic conditions three types of antagonistic-polarity subfilter were observed, the fast and slow antagonistic center subfilters (orange and green, respectively) and the fast antagonistic surround subfilter (purple) Bottom: Under scotopic conditions the filtering properties of the five observed filters shifted, but the relative arrangement of the five clusters persisted. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) (Fig. 7D , blue bars, p < 1E-4). In scotopic conditions these tuning differences are no longer significant except for ON cells' fast and slow antagonistic center subfilter (Fig. 7D, red bars) , though the shift in the fast center subfilter is smaller than under photopic conditions. Similar to the magnitude shift, ON cells slow significantly more under scotopic conditions than OFF cells (p < 0.05).
In summary, we find that ON-dominated cells have faster tuning than OFF-dominated cells. However, this asymmetry is decreased under scotopic conditions. In addition, ON-dominated cells experience a larger decrease in their bipolar cell to RGC contribution and tuning shift in scotopic conditions.
Discussion
In this paper we study the effect of light adaptation on the space-time structure of RGC linear receptive fields. Several novel observations arise from this study, including surprising diversity in the way adaptation restructures center-surround receptive fields. Meanwhile, several findings that were previously reported have been confirmed including the shift toward lower temporal frequency tuning in scotopic conditions (Pandarinath, Bomash, et al., 2010; Pandarinath et al., 2010; Wang et al., 2011) . In this section the methodological improvements that permitted these observations and the significance of the major findings are discussed.
Mapping the receptive field's achromatic surround
While light adaptation was believed to alter center-surround antagonism, previous reports had difficulty identifying the surround when applying the difference of Gaussians model to white noise checkerboard data (Devries & Baylor, 1997; Kerschensteiner et al., 2008) . To overcome this limitation, we applied the SoSS model (Cowan et al., 2016) which provides a parametric description of receptive field components including the classic antagonistic surround. This model improves on the difference of Gaussians function by loosening specific restrictions on separability in the RGC's spatiotemporal filtering. The signal-tonoise ratio of the raw STA was improved by optimizing checkerboard spatial and temporal frequency while controlling for biases in the frequency range sampled. Finally, $80 min of checkerboard stimulation was used to generate the spike triggered average in each lighting condition. In combination these refinements allowed linear receptive field estimation in effectively all of the cells (>99% responsive at p < 0.01 post hoc).
Dark adaptation slows the temporal tuning of the RGC RF but has diverse spatial effects
Temporal tuning of vision is known to be slower in scotopic compared to photopic conditions (Brown, Dobson, & Maier, 1987; Umino, Solessio, & Barlow, 2008) because of the switch to rod photoreceptors from the relatively fast cones (Sharpe & Stockman, 1999; Wassle, 2004 ) and mechanisms such as photoreceptor adaptation (Matthews, Murphy, Fain, & Lamb, 1988; Pugh, Nikonov, & Lamb, 1999) and increases in gap junctional coupling (Dedek et al., 2008) . In RGCs the net effect is to lengthen the time window in which photons are collected, thereby increasing their sensitivity when light levels are low. We report the receptive field center is slowed in nearly all RGCs from a 5 dB corner frequency of 3.7 Hz Fig. 5 . The temporal properties of subfilters are differentially shifted across light photopic and scotopic conditions. Top row: The average area-normalized impulse response is shown for each subfilter type. All five subfilters were slowed on average, but the shift is smaller in the slow antagonistic center and fast antagonistic surround subfilter. Middle and bottom rows: The same filters are presented in the frequency domain as relative amplitude (middle) and phase (bottom). The small shift in the slow antagonistic center subfilter and fast antagonistic surround subfilter compared to the other subfilters manifests for both amplitude and phase. Shaded areas indicate three standard errors. The scotopic to photopic shifts were highly significant ( ** , p < 10
À4
) for all but the slow surround subfilter (p = 0.012, t-test of 3 dB corner frequencies with post hoc correction).
in photopic conditions to 2.3 Hz in scotopic conditions. This is similar to a previous report in mice of 4.8 Hz for photopic conditions and 2.0 Hz in scotopic conditions (Pandarinath et al., 2010) . The deviation in photopic frequencies derives in part from their inclusion of the delayed antagonistic response (our fast antagonistic center subfilter) which would shift the low-pass cutoff to higher frequencies compared to our focus on the isolated center subfilter. The principal contribution of this paper to our understanding of temporal processing is outside of the center, where the antagonistic surround is found to have a more moderate slowing of its tuning from 2.9 Hz to 2.2 Hz.
It has been proposed that spatial summation was similarly broadened in scotopic conditions due to higher spatial convergence in rod-driven synaptic circuits (Bloomfield & Volgyi, 2009; Kolb, 1995; Peichl & Wassle, 1983) . However, our results contain equivalent numbers of RGCs with relatively narrow or broad scotopic receptive fields compared to photopic conditions. Previous observations have suggested spatial broadening in specific RGC types such as primate small bistratified RGCs (Field et al., 2009) and the direction selective RGCs that drive visually guided reflexes (Umino et al., 2008) . In this context, our findings suggest that specific ganglion subtypes have spatial receptive fields that consistently widen in scotopic conditions whereas other subtypes narrow their receptive fields under the same conditions. Other reports exist which show a general trend toward receptive field broadening in scotopic conditions (Dedek et al., 2008) , however it is difficult to compare these findings to ours because they include nonlinear and surround effects and don't illustrate how individual cells shift between adaptation states. Mechanistically, the narrowing of some RGC receptive fields could occur if a subset of their inputs are from purely cone driven bipolar cells which inactivate under scotopic conditions.
Scotopic contributions of the antagonistic surround
Center-surround antagonism is a key component of visual processing in RGCs. The relative absence of an antagonistic surround under scotopic conditions was observed decades ago (Barlow et al., 1957) , and was thought to contribute to wider spatial tuning in dim light (Derrington & Lennie, 1982) . Recent studies have challenged the complete absence of the scotopic antagonistic surround (Tikidji-Hamburyan et al., 2015) , but if it exists its prevalence and properties are unclear. Another study found lowering light intensity slows the antagonistic surround (Joesch & Meister, 2016) , however the dimmest stimulus tested could still activate cones (two log units brighter than our scotopic levels). The results pre- Fig. 6 . Receptive field size changes across lighting conditions. Spatial maps of two OFF RGCs in two ambient light conditions. One narrows its receptive field under scotopic conditions (A) whereas the other broadens its receptive field (B, 1r Gaussian ellipses). C. Scatter plot comparing spatial extents of the RF center under photopic (x-axis) and scotopic (y-axis) conditions shows the sample was centered around the unity line (no RF size change) but had considerable variability. D. For each type of subfilter, the average spatial extent is shown for photopic (blue) and scotopic (red) conditions. This average includes only the cells that had the specific subfilter under both lighting conditions. The shaded area indicates the 1 standard deviation area, indicating significant variability was present in all subfilters. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) sented here clarify the prevalence of the surround, and suggest that its spatiotemporal tuning can be relatively preserved across lighting conditions in some cells.
The surround is considered to be driven by a combination of feedback/feedforward inhibition from horizontal cells (Mangel, 1991; Werblin & Dowling, 1969) and inhibition from amacrine cells (Cook & McReynolds, 1998; Daw, Jensen, & Brunken, 1990; Jacobs & Werblin, 1998) . We find evidence for two sources of the surround with different properties, one cone-dominated that is only active under photopic conditions and the second receiving rod and cone inputs that is functional over a range of ambient intensities.
Asymmetries between ON and OFF-dominated RGCs are strongest under photopic conditions
ON and OFF RGCs are driven by similar but distinct pathways, and recent research has revealed that each can undergo distinct light adaptation-induced changes. Our results show that temporal tuning of ON and OFF RGCs exhibits significant asymmetry under photopic conditions with ON RGCs being faster, but symmetrical tuning in scotopic conditions. This differs from a previous study (Pandarinath et al., 2010) , which found photopic ON/OFF symmetry but scotopic asymmetry with faster OFF-dominated RGCs. Importantly, both studies agree that dark adaptation slows ON cells more than OFF cells. Possible reasons for temporal tuning differences between these studies were covered earlier in the discussion, but the photopic asymmetry we observe in absolute speed tuning matches that reported in photopic primate RGCs where ON cells are also faster than OFF (Chichilnisky & Kalmar, 2002) .
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